This study examines the effects of fetal exposure to a synthetic stress hormone (synthetic glucocorticoids) on children's susceptibility to postnatal sociodemographic adversity. We recruited two groups of children who were born healthy and at term. Twenty-six had been treated with steroid hormones (glucocorticoids) during the prenatal period (treatment group); eighty-five did not receive any treatment (comparison group). Only children exposed to both prenatal stress hormones and sociodemographic adversity showed impaired performance on standardized tests of memory function. The association was specific to long-term memory. General intellectual functioning and expressive language were not affected by fetal glucocorticoid exposure. Results were independent of maternal intelligence and concurrent maternal depression. These findings are consistent with a vulnerability-stress model. Prenatal exposure to synthetic stress hormones is associated with increased susceptibility to subsequent adversity with consequences for cognitive functioning that persist 6 -10 years after birth.
Introduction
Human life advances from a single-cell zygote to a fully formed infant capable of living outside of the womb. The period from conception through birth is a time of remarkable development, and one that is especially vulnerable to environmental exposures. The fetus has enormous capacity to adapt to changes in the prenatal environment, however compelling data from both animal (Weinstock, 2008) and human studies (Sandman & Davis, 2010) show that this early plasticity has long-term consequences for health and development. Here we report that human fetal exposure to a stress hormone (synthetic glucocorticoids) increases the vulnerability to subsequent stress (sociodemographic adversity). These exposures have implications for cognitive functioning that persist through middle childhood. The present study is a unique test of prevailing models of the developmental origins of mental health and considers the synergistic roles of the prenatal and postnatal environments in shaping child neurodevelopment.
The influential developmental-origins-of disease model also known as the fetal programming hypothesis is the prevailing framework for understanding the earliest origins of health and disease in human development. The model proposes that exposure to stressors during the fetal period increases subsequent risk for both physical (cardiovascular disease, hypertension, non-insulin-dependent diabetes mellitus, obesity, and asthma) (Barker, 1998) and mental health outcomes (cognitive functioning and psychiatric illness) . Until recently, empirical support for the fetal programming model came from retrospective research that examined the relation between birth phenotype (e.g., length of gestation, birth weight) and later health outcomes. However, a growing literature based on prospective research has reported links between fetal stress and stress hormone exposures and a range of infant and child outcomes, providing further support for the fetal programming hypothesis (e.g., Monk, Spicer, & Champagne, 2012; O'Connor et al., 2007; Van den Bergh et al., 2005) . With few exceptions (Bergman, Sarkar, Glover, & O'Connor, 2010) , studies evaluating fetal programming in human subjects do not consider the joint role of the prenatal and the postnatal environment in determining later outcomes.
According to the vulnerability-stress model suboptimal outcomes derive from the synergistic effect of a vulnerability factor inherent in the individual that interacts with risk factors or stress in the environment (Monroe & Simons, 1991) . Although vulnerability-stress models are the dominant paradigm invoked to explain variation in the potency of environmental influences on adaptation, development and health (e.g., Calvete, Orue, & Hankin, 2013; Smith et al., 2012) , most studies that have tested these models in humans have not included subjects with a known prenatal exposure to a biologically active stress signal.
Alternative models question the disease/dysfunction emphasis of the programming and vulnerability stress models and suggest that early environmental signals may shape development to increase adaptation to the environment (Gluckman & Hanson, 2004; Nederhof & Schmidt, 2012; Pluess & Belsky, 2011; Sandman, Davis, & Glynn, 2012) . The predictive-adaptive-response (PAR) model (Gluckman & Hanson, 2004) , also known as the weather-forecasting model (Bateson et al., 2004) , predicts that, under certain conditions, organisms that are stressed in utero may have an adaptive advantage if they are confronted with stress later in development but an increased risk for disease if the conditions of their postnatal environment are favorable (Bogin, Silva, & Rios, 2007) . The differential susceptibility (Pluess & Belsky, 2011) and adaptive calibration models (ACM; Ellis and Del Giudice, 2013) , similarly have featured the patterns or the stability of environmental signals over time and emphasized that responses to early adversity may confer adaptive advantages. These models propose that early experiences may influence developmental plasticity, or the degree to which individuals are susceptible to both positive and negative environments.
The present study provides a unique evaluation in 6 to 10-year-old children, of the relation between known fetal exposure to a biological stress hormone, a synthetic glucocorticoid, and the consequences of exposure to sociodemographic adversity. The synthetic glucocorticoid, betamethasone, is routinely administered to women presenting with preterm labor between 24 and 34 gestational weeks, primarily to promote development of the fetal lungs and to increase survival in the case of preterm birth (National Institutes of Health Consensus Development Conference Statement, August 17-18, 2000) . Randomized clinical trials have shown that treatment with glucocorticoids effectively reduces morbidity and mortality among infants who are born preterm (McKinlay, Crowther, Middleton, & Harding, 2012) . Unlike cortisol, betamethasone freely crosses the placenta. Further, glucocorticoids, including betamethasone, pass through the blood brain barrier and target receptors throughout the central nervous system (Trenque et al., 1994) . Glucocorticoids play a central role in brain development (Harris & Seckl, 2011; Lupien, McEwen, Gunnar, & Heim, 2009 ). Studies in animal models conclude that prenatal exposure to elevated levels of glucocorticoids permanently modifies the structure and function of the developing central nervous system, especially prefrontal and limbic regions, including the hippocampus (Coe & Lubach, 2005; Uno et al., 1994) .
This study evaluates prevailing developmental models by determining whether a known fetal exposure to a biologically active stress signal increases the sensitivity to adversity. Overwhelming evidence documents that children growing up in socieoeconomicallydeprived circumstances suffer from pervasive physical and mental health consequences (Bates, Lewis, & Weiss, 2013; Evans & Kim, 2012; Karlamangla et al., 2009 ). The present study assessed exposure to postnatal adversity in children with a validated index of sociodemographic risk (Poehlmann, Schwichtenberg, Bolt, & Dilworth-Bart, 2009 ). Specifically in this study we evaluate whether fetal exposure to a synthetic stress hormone (glucocorticoids) sensitizes the child to sociodemographic adversity.
Methods

Participants
Participants were one hundred and eleven mothers and their 6 to 10-year-old children (n=56 boys, n=55 girls; M=8.17 years, SD = 1.34 years) recruited based on delivery records from a major medical center in Southern California. All children were full term at birth (gestational age at birth greater than 37 weeks based on ACOG dating criteria) ("ACOG Practice Bulletin No. 101: Ultrasonography in pregnancy," 2009). Inclusion criteria were appropriate weight for gestational age at birth and singleton status. Exclusion criteria were chromosomal or other congenital anomalies (e.g., trisomy 21), postnatal steroid administration and major neonatal illness (e.g., sepsis), maternal preeclampsia including HELLP syndrome, maternal drug use, as well as maternal disorders during pregnancy requiring corticosteroid treatment or thyroid medication. Seven percent of glucocorticoid exposed children and 5% from the comparison group failed to meet eligibility criteria described above and were not recruited into in the present investigation. Eligible subjects were recruited into two groups: those with and without prenatal exposure to synthetic glucocorticoids. Of those contacted, 86% of glucocorticoid exposed and 63% non-exposed mother-child pairs consented to participate.
The glucocorticoid group comprised 26 children who received prenatal glucocorticoid treatment (betamethasone) because of risk for preterm delivery, but delivered full term. The glucocorticoids were given via 2 intramuscular injections as per standard of care between 24 and 34 gestational weeks (M = 30.0 weeks, SD = 3.0 weeks) and between 29 and 107 days prior to delivery (M = 60.0 days, SD = 21.1 days). The comparison group consisted of 85 children born full term and without prenatal exposure to synthetic glucocorticoids. Power analyses supported that this sample size provides adequate power to test the consequences of early life experiences and prenatal glucocorticoid exposure on child cognitive outcomes and determined recruitment. Sensitivity analysis revealed that our sample was sufficient to detect small-to-moderate effects (f 2 = .07).
Measures
Child cognitive development-Standardized and validated measures were used to assess general cognitive ability, expressive language, and verbal recall memory. A delayed verbal recall memory task was included because brain regions involved in delayed recall (e.g., the hippocampus) contain high concentrations of glucocorticoid receptors (Harris & Seckl, 2011; Lupien et al., 2009) and are particularly susceptible to the effects of synthetic glucocorticoids (Uno et al., 1994 ).
Children's general intelligence was assessed using the Perceptual Reasoning Index (PRI) of the Wechsler Intelligence Scale for Children (WISC-IV). The PRI is relatively language free and culturally independent (Baron, 2004) and two of the subscales (Matrix Reasoning and Block Design) have been shown to be excellent indicators of general intelligence (Baron, 2004; Wechsler, 2002) . The verbal list-learning tests from the Wide Range Assessment of Memory and Learning -Second Edition (WRAML-2) were used to assess three aspects children's verbal memory; immediate recall, delayed recall, and delayed recognition. The two delay conditions were included because performance on delayed memory tasks has been shown to be indicative of hippocampal functioning (Squire, 1992) . The subtests have demonstrated validity, good internal consistency (r = .70 through r = .90) and acceptable stability (r = .59 through r = .78) (Sheslow & Adams, 2003) . Expressive language was evaluated using the Expressive Vocabulary Test, Second Edition (EVT-2: Williams, 2007) . The EVT-2 uses both labeling and synonym items to assess expressive vocabulary in children and adults ages 2.5 to 90+ without relying on reading or writing. The EVT-2 has been shown to have good validity, internal reliability (α=.94 through α=.97 for children ages 6 to 10 years), and excellent stability (r = .95) (Williams, 2007) .
Sociodemographic risk-Sociodemographic and other background data were collected at the time of study entry by standardized maternal interview. A validated index of sociodemographic risk was computed as a measure of adversity based on previously published work (Poehlmann et al., 2009) . One point was given for meeting each of the following risk factors; birth of index child before mother turned 18 years, maternal education below high school levels, mother is a single parent, four or more children 18 years or younger living in the home, family income below federal poverty guidelines (adjusted for family size). Scores ranged from 0 to 5, with higher scores reflecting a greater number of sociodemographic risk factors.
Maternal IQ and mood-Maternal intellectual ability and mood were assessed at the time of child cognitive testing to control for potential confounding effects. Intellectual ability was determined from scores on the Perceptual Organization Index (POI) of the Wechsler Adult Intelligence Scale -3 rd Edition; the adult parallel of the PRI given to children (Wechsler, 1997) . The POI is a measure of reasoning and problem-solving skills. The POI is a wellvalidated scale that has excellent internal consistency (α = .94) and test-retest reliability (r = .88).
Maternal concurrent mood was assessed using the Beck Depression Inventory -Second Edition (BDI-II: Beck, Steer, & Brown, 1996) . The BDI-II is a 21-item questionnaire that asks respondents to rate their feelings (on a 4-point scale) over the past two weeks. Total scores range from 0-63, with higher scores indicating a higher severity of depression. Analyses indicated an excellent level of internal consistency in the current study (α = .90).
Prenatal course and birth outcome-Maternal and infant medical records were reviewed to assess pregnancy complications and birth outcome. A standard score assessing prenatal obstetric risk was derived (Hobel, 1982) .
Data analyses
Preliminary analyses were performed to identify maternal (i.e., intelligence, depressive symptoms), neonatal (i.e., gestational age at birth, birth weight, five-minute Apgar score) or child (i.e., age at assessment, sex, first language, birth order) variables that might influence child cognitive development. The only factor associated with child outcomes with a p-value of .05 or less was maternal intelligence. Maternal intelligence was included as a covariate in all analyses. To address the possibility that group differences could contribute to study findings prenatal obstetric risk and maternal depression additionally were included as covariates.
Regression analyses were used to test the independent and combined (interactive) influences of prenatal glucocorticoid exposure and sociodemographic risk on children's cognitive functioning. The homogeneity of variance regression assumption was met. A separate model was tested for each of the outcome variables: general cognitive ability (WISC-IV Perceptual Reasoning Index), expressive language (EVT-2) and verbal memory (WRAML2 immediate recall, delayed recall and delayed recognition scales). Prenatal glucocorticoid treatment (1 = yes; 0 = no), sociodemographic risk (risk index), and their product term interaction were entered in each model as independent variables after controlling for the effects of maternal intelligence, maternal depressive symptoms, and the number of obstetric risks. Significant interactions were probed by calculating and plotting simple slopes for children exposed to exogenous prenatal glucocorticoids and comparison group. In addition, we inspected regions of significance (Preacher, Curran, & Bauer, 2006) and identified values of sociodemographic risk at which glucocorticoid exposure had a significant negative effect on child outcomes.
Results
The treatment and comparison group did not differ significantly on the sociodemographic risk index or any of the maternal (intelligence, depressive symptoms, education, marital status), demographic (household income, race/ethnicity), neonatal (gestational age at birth, birth weight, Apgar score) or child (age, sex, birth order) factors (all p's > 0.10). See Tables  1 and 2. Consistent with prior research, even after covarying maternal intelligence, maternal depressive mood, and the number of obstetric risks, elevated postnatal sociodemographic risk was associated with impairments in general cognitive ability [WISC-IV PRI; β = −0.19, t(103) = −1.92, p = 0.05] and marginally associated with expressive language [EVT scaled score; β = −0.17, t(103) = −1.81, p = 0.074]. Elevated sociodemographic risk was not associated with memory deficits (all p's >.05). A significant main effect of glucocorticoid treatment was not present for general cognitive ability, expressive language or memory (See Table 3 ; ps >0.10).
Notably, a significant interaction was observed for the two delayed memory tasks. Significant interactions confirmed that only children exposed to both fetal glucocorticoids and sociodemographic adversity had impaired performance on delayed recognition and delayed recall tasks (p's <.05). See Figures 1A and 2A and Table 4 . Importantly, these associations remained after statistically covarying obstetric risk, maternal depressive symptoms and maternal or child general intellectual functioning. Inspection of the regions of significance ( Figure 1B ) revealed that prenatal glucocorticoid treatment was associated with significantly impaired delayed recognition for children exposed to sociodemographic risk above the value of 1.64. For delayed recall, inspection of regions of significance ( Figure 2B ) revealed that prenatal glucocorticoids did not confer statistically significant risk for any values of sociodemographic risk observed in our study (ranging from 0 to 5). No significant interactions between prenatal glucocorticoids and sociodemographic risk were observed for WISC, EVT or immediate recall (all p's >0.05). Further, no significant associations with sex were observed nor was there significant interactions with sex and either risk factor (all p's >0.05).
Discussion
The current study takes advantage of a common treatment given to women at risk for preterm delivery to perform a direct test of the role of fetal exposure to stress hormones in the development of susceptibility to later stress. These novel findings show that known human fetal exposure to synthetic glucocorticoids alters the sensitivity to environmental signals. Only those children who experienced both fetal glucocorticoid exposure and sociodemographic risk expressed memory impairments. These data are consistent with the hypothesis that prenatal experiences, especially those that influence stress physiology, shape developmental trajectories in ways that influence adaptation to the environment (Pluess & Belsky, 2011; Robinson, Lichtenstein, Anckarsater, Happe, & Ronald, 2013 ).
The present study provides a novel test of several prevailing models characterizing the developmental consequences of early life stress by assessing outcomes among children with a known exposure to synthetic glucocorticoids during the prenatal period. Study findings support the vulnerability-stress hypothesis and illustrate that, for memory, sociodemographic adversity only is associated with impairments if a prior vulnerability (prenatal glucocorticoid treatment) is present. Thus, the children are faced with double jeopardy--danger from two different sources. Although the main effect of glucocorticoid administration on memory predicted by the fetal programming model was not found, these data suggest that the underlying vulnerability may be "programmed" during the fetal period. Prenatal exposure to high levels of a biologically active stress hormone may influence fetal adaptation with implications for responses to the environment. As proposed by the differential susceptibility and adaptive calibration models, it is plausible that glucocorticoid treatment increases lability of responses to subsequent environments and this may account for the memory impairments in the context of adversity. In contrast to predictions by differential susceptibility and adaptive calibration models, glucocorticoid treatment was not associated with enhanced memory in the context of low sociodemographic risk. However, we argue that the present findings do not fully test the differential susceptibility or the adaptive calibration models because the sociodemographic risk measure characterizes level of adversity and does not capture variability in positive environmental influences.
Fetal exposure to excess stress hormones may alter fetal neurodevelopmental trajectories (Davis, Sandman, Buss, Wing, & Head, 2013) resulting in memory impairment among the children who are exposed to subsequent risk. The consequences of fetal exposure to glucocorticoids are specific to memory. One possible alternative explanation for the lack of effects of synthetic glucocorticoids on general intellectual functioning and expressive language (either directly or in concert with sociodemographic risk) may be due to low sample size. However, sensitivity analysis revealed that our sample was sufficient to detect small-to-moderate effects (f 2 = .07). Our finding that sociodemographic risk is associated with general measures of intellectual functioning and language, regardless of glucocorticoid exposure, is consistent with prior research (Bates et al., 2013) . Fetal exposure to glucocorticoids may only increase susceptibility to subsequent adversity for functions such as memory that are dependent on brain regions that are rich in glucocorticoid receptors. The hippocampus, integral to learning and memory (Squire, 1992) , may be specifically influenced by prenatal treatment with synthetic glucocorticoids (Waffarn & Davis, 2012) because this region has a high concentration of glucocorticoid receptors (Conrad, 2008; Harris & Seckl, 2011; Lupien et al., 2009; Rodriguez et al.) and these receptors are present in the human fetal hippocampus during the gestational window when glucocorticoid treatment is administered (24-34 gestational weeks) (Noorlander, De Graan, Middeldorp, Van Beers, & Visser, 2006) . Numerous animal studies illustrate that early stress experiences shape the animals' responses to subsequent environments. This may occur through sensitization of the HPA axis. Fetal glucocorticoid exposure may result in epigenetic modifications in the HPA axis thus leading to long lasting changes that influence responses to subsequent environments (Daskalakis, Bagot, Parker, Vinkers, & de Kloet, 2013; Karsten & Baram, 2013) . Few human studies have evaluated epigenetic mechanisms. However, fetal exposure to adversity, including maternal depression and smoking, have been associated with methylation of the glucocorticoid receptor gene and altered patterns of HPA axis reactivity (Oberlander et al., 2008; Stroud et al., 2014) . These findings in conjunction with animal research suggest that an epigenetic mechanism may underlie the persisting influence of fetal glucocorticoid exposure on responses to the environment.
There are several novel contributions of our study. Previous human studies evaluating the impact of fetal exposure to glucocorticoids often are limited by i) the inclusion of preterm infants which means that the consequences of glucocorticoids cannot be dissociated from the well-known effects of preterm birth, ii) a focus on intelligence or developmental delays rather than processes, such as memory, that rely on brain regions that are particularly susceptible to glucocorticoids, and iii) a failure to consider the influence of the postnatal environment (Waffarn & Davis, 2012) . The present study addresses these limitations and illustrates that prenatal glucocorticoid treatment may be associated with specific vulnerabilities in the context of postnatal adversity in a healthy and low-risk sample of children who were full term at birth. A primary limitation of the present investigation is that prenatal glucocorticoid treatment was not randomly assigned and thus, we cannot rule out the possibility of a confounding factor that accounts for the study findings. Further, because women and children were not prospectively evaluated during the prenatal period, we were not able to characterize other aspects of the prenatal environment (e.g., maternal stress) that may influence fetal development. It is the case that the treatment and comparison groups do not differ significantly on any of the sociodemographic factors assessed or on maternal factors such as intelligence or depression and that considering these potential confounding factors did not account for study findings. 
Effects of Sociodemographic Risks on Delayed Recognition by Prenatal Glucocorticoid
Treatment (A) Children exposed to prenatal glucocorticoids are vulnerable to sociodemographic risk whereas comparison children are not; (B) Region of significance analysis indicate that the effect of prenatal glucocorticoids on delayed recognition is significant for children exposed to sociodemographic risk greater than 1.64. Effects of Sociodemographic Risks on Delayed Recall by Prenatal Glucocorticoid Treatment (A) Children exposed to prenatal glucocorticoids are vulnerable to sociodemographic risk whereas comparison children are not; (B) Although the effect of prenatal glucocorticoids on delayed recall becomes more negative with increasing sociodemographic risk, region of significance analysis indicate that children with prenatal glucocorticoid exposure are not significantly different from the comparison group across the observed values of sociodemographic risk. Grant et al. Page 12
Psychol Sci. Author manuscript; available in PMC 2016 July 01. Table 4 Hierarchical Regression model examining whether the interaction between sociodemographic risk and prenatal steroid exposure accounts for unique variance in child delayed recognition memory (Table 4a) or delayed recall memory (Table 4b) . 
